ABSTRACT: Polyphilic compound B12 is an X-shaped molecule with a stiff aromatic core, flexible aliphatic side chains, and hydrophilic end groups. Forming a thermotropic triangular honeycomb phase in the bulk between 177 and 182°C but no lyotropic phases, it is designed to fit into DPPC or DMPC lipid bilayers, in which it phase separates at room temperature, as observed in giant unilamellar vesicles (GUVs) by fluorescence microscopy. TEM investigations of bilayer aggregates support the incorporation of B12 into intact membranes. The temperature-dependent behavior of the mixed samples was followed by differential scanning calorimetry (DSC), FT-IR spectroscopy, fluorescence spectroscopy, and X-ray scattering. DSC results support in-membrane phase separation, where a reduced main transition and new B12-related transitions indicate the incorporation of lipids into the B12-rich phase. The phase separation was confirmed by X-ray scattering, where two different lamellar repeat distances are visible over a wide temperature range. Polarized ATR-FTIR and fluorescence anisotropy experiments support the transmembrane orientation of B12, and FT-IR spectra further prove a stepwise "melting" of the lipid chains. The data suggest that in the B12-rich domains the DPPC chains are still rigid and the B12 molecules interact with each other via π−π interactions. All results obtained at temperatures above 75°C confirm the formation of a single, homogeneously mixed phase with freely mobile B12 molecules.
INTRODUCTION
Cell membranes are a complex mixture of lipids and proteins, with the lipids building up the permeability barrier and the proteins providing the controlled functions. Because of the architectural complexity of biological membranes, model systems are usually used to study their properties and structure. Phospholipids such as phosphatidylcholines are often used as model membranes in the form of vesicular systems or oriented solid supported bilayers. Interactions of biomolecules such as proteins or peptides with model membranes have widely been investigated during the past few decades. The underlying principles of structure formation and phase change upon incorporation or adsorption of dopant molecules are still a matter of intensive research. Besides naturally occurring proteins and peptides, the interaction of purely synthetic molecules with model membranes has also been studied. These synthetic molecules are often optimized for interactions with or intercalation into membranes by having an amphiphilic nature with lipophilic and hydrophilic moieties.
One class of amphiphilic synthetic molecules are block copolymers. The well-studied class of pluronics, i.e., PEO-PPO-PEO (poly(ethylene oxide)-poly(propylene oxide)-poly-(ethylene oxide)) triblock copolymers, interacts with lipid membranes via polar interactions in the headgroup region but can also insert into lipid bilayers provided they are in the liquidcrystalline state. 1 Other amphiphilic block copolymers with a hydrophobic block such as poly(isobutylene)-b-poly(ethylene oxide) PIB-b-PEO have been shown to be incorporated mainly into the hydrophobic inner region of the membranes, 2 stabilizing the membrane gel phase. 3, 4 Also, smaller molecules such as elongated oligospiroketals carrying a hydrophobic backbone and several terminal groups, which have the shape of molecular rods, can be incorporated into model as well as biological membranes. 5 In the membrane, these rods adopt a trans-membrane orientation. 6 Other molecular rods composed of molecules with an octaphenylene backbone carrying various additional moieties connected to the aromatic rings and two small polar groups at the end were also synthesized. These molecules could be incorporated into membranes forming channels. 7, 8 We recently reported on the aggregation of a T-shaped amphiphile (A6/6) composed of a hydrophobic rigid terphenyl backbone and a hydrophilic lateral chain and its interaction with lipid membranes. 9 In lipid mixtures, this T-shaped amphiphile disrupts the membrane and leads to the formation of planar bilayer patches of hexagonal symmetry (bicelles) with the amphiphile molecules bordering the membrane edges, thus reducing the unfavorable interaction of the hydrophobic lipid alkyl chains with water.
In this article, we present detailed results on the unique interaction of a new type of X-shaped polyphilic molecule, B12, 10 with lipid membranes. It is built of a rigid π-conjugated oligo(phenylene ethynylene) backbone with two laterally attached flexible and lipophilic alkyl chains (n-OC 12 H 25 ) at opposite sides of the central benzene ring of the rodlike core and terminated by hydrophilic glycerol groups at both ends, giving the molecule an X-shaped, bolaamphiphile-like structure ( Figure 1a) . 11 As shown below, during self-assembly in phospholipid membranes all three distinct units segregate into different domains, and the rodlike cores especially tend to organize into densely packed π-stacked nanodomains within the lipid matrix; therefore, we consider compound B12 to be a polyphilic (more specifically, triphilic) molecule. 12 The properties of other oligo(phenylene ethynylenes) with at least two hydrophilic groups have been reported by various groups, however mostly with lateral hydrophilic groups and without addressing their properties in lipid bilayer membranes. 13−17 The aromatic backbone length of the newly designed molecules is 3.2 nm and is thus in the range of the typical thickness of the lipophilic part of a phospholipid bilayer. 18, 19 The total length between the ends of the glycerol units is, depending on the assumed conformation, in the range of 4.0 to 4.4 nm (Figure 1 ). This molecule combines the concepts of rigidity and flexibility and moieties with different philicities, i.e., the core being lipophilic, rigid, and amenable to π−π stacking interactions, the side chains being lipophilic but flexible, and the headgroups being hydrophilic and capable of hydrogen bonding. The length of the lateral alkyl chains was chosen in such a way that in an arrangement parallel to one-half of the aromatic core these chains completely cover this core segment but do not reach/disturb the hydrophilic glycerol groups ( Figure S1 ).
Bolapolyphile B12 as a bulk substance forms a small range of an enantiotropic columnar liquid-crystalline phase with triangular honeycomb structure between 177 and 182°C. Although B12 shows no solubility in water and also does not form lyotropic mesophases with water due to its small hydrophilic headgroups, we could observe a remarkable affinity and miscibility with phospholipid model-membrane systems.
As shown in our first short report on this novel substance, 10 B12 spontaneously self-organizes in lipid membranes made of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), forming unique snowflakelike structures with 6-fold symmetry in giant unilamellar vesicles made by electroformation. It was shown that these structures consist of a mixed phase of three to five DPPC molecules per B12 molecule, in which the DPPC molecules are stabilized in an ordered state even above the main lipid phase transition at around 42°C while the B12 molecules are organized in a rigid π−π stacked arrangement. Here, we now present an in-depth investigation of the thermotropic phase behavior of B12 in DPPC and the associated structural features. In addition to B12/DPPC systems, we also studied the interaction of B12 with the shorter-chain myristoyl analogue DMPC and with POPC, which has one unsaturated oleoyl chain. These experiments were performed to test whether changes in bilayer thickness or changes in fluidity caused by an unsaturated chain have an effect on the interactions and the resulting thermotropic behavior. The structural features were studied by means of transmission electron microscopy and X-ray scattering experiments, while the phase behavior, molecular conformations, and orientations were investigated by differential scanning calorimetry and IR and fluorescence spectroscopy techniques, respectively.
EXPERIMENTAL SECTION
2.1. Phospholipids and B12. The synthesis, purification, and analytical data of B12 have been reported in ref 10 . Lipids DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine), DMPC (1,2-dimyristoyl-snglycero-3-phosphocholine), and POPC (1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine) were purchased from Genzyme Pharmaceuticals (Liestal, Switzerland), purity >99%, and used without further purification.
2.2. Preparation of Phospholipid/Polyphile Mixtures. Phospholipids and B12 were premixed in chloroform prior to suspension in water. Stock solutions of DPPC, DMPC, POPC (c = 10 mM), and B12 (c = 2 mM) in chloroform (HPLC grade, Carl Roth GmbH, Karlsruhe, Germany) were not stored for longer than 4 weeks. Aliquots of the stock solutions of the lipid and B12 were then mixed to reach the desired molar ratio. All experiments were carried out using ultrapure water (H 2 O, Millipore, with a conductivity of <0.055 μS/cm and a total organic carbon content (TOC) of <5 ppm) or D 2 O (Carl Roth GmbH, Karlsruhe, Germany) where a pD = 6.77 value was adjusted using small amounts of DCl and NaOD (Carl Roth GmbH, Karlsruhe, Germany).
2.3. Methods. 2.3.1. Polarizing Microscopy. The transition temperatures of pure B12 were confirmed by polarizing microscopy with an Optiphot 2 polarizing microscope (Nikon). Temperature was controlled with a heating stage (FP82HT, Mettler-Toledo) and a control unit (FP90, Mettler-Toledo).
Transmission Electron Microscopy (TEM).
Vitrified specimens for cryo-TEM were prepared by a blotting procedure, performed in a chamber with controlled temperature and humidity using a LEICA grid plunger. A drop of the sample solution (1 mg mL −1 ) was placed onto an EM grid coated with a holey carbon film (C-flat, Protochips Inc., Raleigh, NC). Excess solution was then removed with filter paper, leaving a thin film of the solution spanning the holes of the carbon film on the EM grid. Vitrification of the thin film was achieved by rapid plunging of the grid into liquid ethane held just above its freezing point. The vitrified specimen was kept below 108 K during storage, transfer to the microscope, and investigation. Specimens were examined with a Libra 120 Plus instrument (Carl Zeiss Microscopy GmbH, Oberkochen, Germany), operating at 120 kV. The microscope is equipped with a Gatan 626 cryotransfer system. Images were taken with a BM-2k-120 dual-speed on-axis SSCCD camera (TRS, Moorenweis, Germany).
Negatively stained samples were prepared by spreading 5 μL of the dispersion prepared in a similar way as those for DSC measurements (c = 0.1 mM) onto a Cu grid coated with a Formvar film (Plano, Wetzlar, Germany). After 1 min, excess liquid was blotted off with filter paper, and 5 μL of a 1% aqueous uranyl acetate solution was placed on the grid and drained off after 1 min. The dried specimens were examined with a Zeiss EM 900 transmission electron microscope. This preparation procedure was performed at 20 and 50°C using solutions held and dried at the respective temperature.
2.3.3. Differential Scanning Calorimetry (DSC). DSC of pure B12 was performed on a DSC7 (PerkinElmer) with a sample encapsulated in Al pans (30 μL) using a heating and cooling rate of 10 K/min. For calorimetric investigation of the mixed lyotropic systems, a VP-DSC (MicroCal/GE Inc. Northhampton, USA) DSC instrument was used with a scan rate of 60 K/h over a temperature range of 2−95°C. Several scans were made to check for reproducibility of the curves. For data processing, the MicroCal Origin software was used after subtracting the water/water baseline from the sample thermograms. The aqueous samples were prepared in the following way. After premixing stock solutions of B12 and DPPC to give the desired molar ratio, the major part of the solvent was evaporated using a N 2 stream. Any residual remaining solvent was then removed in a vacuum drying oven at 70°C for at least 3 h. The dry films were then suspended in ultrapure water to give a concentration of 2.0−2.5 mM. The suspensions were vortex mixed and treated in a bath sonicator at 55−65°C for 30 min. Pure degassed water was used in the reference cell.
2.3.4. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR). Two different techniques for film formation on the internal reflection element (IRE) were used. Vesicle spreading by fusion of mixed vesicles in an aqueous medium resulted in thin films on the IRE. Samples prepared according to this method were analyzed using a Bruker BioATR2 unit with a Bruker Tensor27 FT-IR spectrometer. IR spectra were recorded at different temperatures between 10 and 76°C in steps of 2 K with unpolarized IR light. The temperature was adjusted with a Haake Phoenix II thermostat (C25P, Thermo Electron Corporation, Karlsruhe, Germany) and controlled with Delphi-based home-written software.
For the preparation of oriented films, the premixed chloroform solution of B12 and DPPC (1 mL, 4.4 mM) was applied dropwise to the hot (60−70°C) Ge-ATR crystal (sample area of 5 cm × 1 cm, 5 internal reflections, n Ge = n 1 = 4, angle of reflection γ = 45°) to speed up evaporation of the solvent. After drying of the film, several drops of H 2 O or D 2 O were applied to the holder next to the crystal, and the ATR cell was tightly closed. The dry film was then hydrated via the gas phase (water vapor) at 60°C for about 1 to 2 h. Spectra were recorded continuously during this time to follow the hydration process. The homemade crystal holder for the trapezoidal Ge-crystal reflection element was placed into a Bruker ATR1 unit. Single-channel spectra (128 scans) with linearly polarized light with 4 cm −1 resolution were recorded between 900 and 4000 cm −1 with an aperture of 2.5 mm using a Bruker IFS66 FT-IR spectrometer (Bruker Optics GmbH, Ettlingen, Germany) equipped with an MCT detector. As reference, single-channel spectra taken from the pure crystal at the respective temperatures were used. The absorbance spectra were then calculated using the Bruker OPUS 6.5 software. Sample and reference spectra were measured using perpendicular (s) and parallel (p) polarized IR light in the range of 10−70°C with an interval of 2 K. The temperature was controlled using the procedure described above.
2.3.5. Adsorption Spectroscopy, Fluorescence Spectroscopy, and Confocal Laser Scanning Fluorescence Microscopy (CFM). Absorption spectra were recorded using an HP 8453 UV−vis diode array spectrophotometer (Hewlett-Packard GmbH, Waldbronn, Germany) with a cell holder heated and cooled by Peltier elements. Fluorescence spectra were taken using a Jobin-Yvon Fluoromax II (Horiba Jobin Yvon Inc., Grasbrunn, Germany) fluorescence spectrometer with a cell holder connected to a NESlab RTE 740 thermostat (Thermo Scientific Inc., Schwerte, Germany). For the absorption or fluorescence experiments, quartz cuvettes (Hellma Analytics GbmH, Mullheim, Germany) with a 10 mm path length were used. CFM was carried out on an LSM 710 setup (Carl Zeiss Microimaging, Jena, Germany) using a C-Apochromat 40×/1.2 N.A. water-immersion objective. The bolapolyphiles were excited with a diode laser at 405 nm; fluorescence emission was collected from 412 to 500 nm. A 561 nm, the DPSS laser was used to excite the Rh-PE lipid marker, and the fluorescence emission of the marker was collected from 566 to 681 nm.
2.3.6. X-ray Diffraction. X-ray diffraction (XRD) of the bulk sample was performed on a temperature-controlled heating stage. Ni-filtered and pinhole-collimated Cu Kα radiation was used; the exposure time was 30 min, and the diffraction patterns were recorded with a 2D detector (Vantec-500, Bruker, Germany). We tried to achieve alignment via slow cooling (rate 1 K min −1 to 0.1 K min −1 ) of a small droplet of the sample on a glass plate.
XRD of the lipid mixtures was performed using three different setups. In-house powder diffraction experiments were carried out using monochromic Cu Kα1 radiation (λ = 0.154051 nm from a Ge(111) monochromator (Seifert X-ray/GE Inc., Freiberg, Germany) and a curved linear position-sensitive detector (range: 2θ = 0−40°). Samples were prepared according to the standard procedure followed by lyophilization and rehydration to give a content of 50 wt % H 2 O for a good signal-to-noise ratio of the scattering patterns. The pasty samples were transferred to glass capillaries which were then flame-sealed. Temperature was controlled by a high-temperature sample holder (STOE & CIE GmbH, Darmstadt, Germany). SAXS and WAXS (s = 1−4.7 nm −1 ) data were collected in the temperature range of −35 and 80°C. The temperature was varied stepwise (heating rate of 1 K/ min), and the sample was equilibrated for 5 min at each temperature before data acquisition with 10 min of exposition time per diffractogram. Each scattering pattern was corrected by the scattering of an empty capillary. All diffraction patterns of one temperature series were then converted to a contour diagram (grayscale intensities).
Experiments using synchrotron radiation (λ = 0.49509 Å) were performed at DESY (HASYLAB, Hamburg). Oriented multibilayer stacks were deposited from CHCl 3 /TFE (1:1) solution on a Si solid support. The samples were rehydrated via the gas phase at about 60°C (relative humidity in the sample chamber 99%). Reflectivity measurements were made under specular conditions with a six-circle diffractometer and an angle of incidence α i = 0.2°. Data were collected using a linear detector (Mythen 1k, DECTRIS Inc., Baden, Switzerland). For grazing incidence X-ray diffraction (GIXD) of the same samples, a setup with an image plate detector (PerkinElmer flat panel, 2048 pixels × 2048 pixels, 2 PerkinElmer Inc., Rodgau, Germany) was used. The detector-to-sample distance was 1.2 m.
RESULTS AND DISCUSSION
3.1. Thermotropic Phase Behavior of Bulk B12. As a bulk substance, B12 has a melting point at T = 177°C (ΔH = 62.4 kJ/mol). Above this temperature, a liquid-crystalline (LC) phase is formed which is stable up to T = 182°C (ΔH = 4.0 kJ/ mol), when the transition to the isotropic liquid phase (Iso) occurs. On cooling, the Iso−LC transition takes place at T = 180°C, and at 169°C, the sample rapidly crystallizes. (For DSC, see Figure S2 .) The optical texture observed between crossed polarizers is composed of spherulitic domains and optically isotropic homeotropic aligned areas and thus indicates an optically uniaxial columnar LC phase ( Figure 2A ). Investigation with a λ-retarder plate indicates negative birefringence, which means that the intramolecular π-conjugation pathway occurs along the aromatic cores of B12 and hence these cores are arranged on average perpendicular to the column long axis (details in Figure S3 ). XRD investigations ( Figure S4 and Table S1 ) gave only one reflection corresponding to d = 3.67 nm, together with the secondorder reflex. As no aligned samples could be obtained and also no hk cross reflections with h and k ≠ 0 could be detected in the XRD patterns, an unambiguous phase assignment is in this case not possible, though a simple lamellar organization with d = 3.67 nm can be excluded on the basis of the optical texture (Figures 2A and S3 ).
Considering the textural features, indicating an optically uniaxial columnar organization with negative birefringence, and also considering the LC phase structures of related compounds, 20, 21 it could be assumed that B12 forms an LC phase composed of honeycombs formed by the π-conjugated rodlike cores and filled with the lateral alkyl chains. The glycerol groups form separate polar columns involving the hydrogen-bonding networks of the terminal glycerol groups aligned along the edges of the honeycombs, thus stabilizing this structure. 22, 23 Considering the measured d value, two different honeycomb structures are possible, one with a hexagonal p6mm lattice with a hex = 4.24 nm and formed by triangular honeycombs and the other one a simple square lattice (p4mm) with a squ = 3.67 nm composed of square honeycombs. In both cases, the side length of the honeycombs corresponds to lattice parameters a hex and a squ , respectively. As the side length of the square honeycomb would be smaller than the shortest possible molecular length range L min = 4.0 nm ( Figure S1 ), this structure can be excluded. The side length of a triangular honeycomb (4.24 nm) is within the limits provided by the molecular length range (4.0−4.4 nm) and corresponds to the structure reported for related compounds with the same core unit but other side chains (model in Figure 2B ). 20 In this case, the triangular cells have a wall thickness approximately equal to the width of a single aromatic core of B12 (estimations in Table S2 ), which is also in excellent agreement with previous observations. 24 A hexagonal columnar phase (p6mm) with a triangular honeycomb structure, as shown in Figure 2B , is therefore most likely for this columnar LC phase.
3.2. Lyotropic Properties of B12/Lipid Mixtures.
Aggregate Visualization by Transmission Electron Microscopy (TEM).
While pure compound B12 is not watersoluble and can also not be dispersed in water by ultrasonic treatment, the mixed films of DPPC or DMPC with B12 could be readily dispersed by ultrasonication, and almost clear suspensions were obtained. This observation indicated that either vesicular structures or other types of small aggregates were formed after the ultrasonication procedure. For identification of the aggregate type, TEM images were recorded. Two different techniques, TEM with negatively stained dried samples and cryo-TEM with vitrified aqueous samples, were used. A negatively stained sample of 1:10 mixture B12/DPPC prepared at room temperature (lipid in the gel phase) shows crinkled vesicles ( Figure 3A ) resulting from the drying process during sample preparation. A separation into domains of different composition, i.e., pure DPPC and a B12-rich domain as observed before by confocal microscopy, 10 could not be seen. This is probably due to the fact that the difference in electron density between the two domains of different composition is only marginal.
The cryo-TEM images of samples quenched from 22°C show the same vesicular structures with diameters of between 50 and several hundred nanometers as the stained/dried samples ( Figure 3B ). Some of the vesicles are faceted as expected for gel-phase lipids. The more rigid parts may be enriched in B12. Again, no clear indication of domain formation is evident due to the marginal difference in electron density between the domains.
The aggregates of the B12/DPPC 1:4 mixture prepared at room temperature look fundamentally different from those of the 1:10 mixture. The images of the negatively stained samples show flat sheetlike structures and no vesicles at all ( Figure 3C ). The sheets are in the form of single or connected rows of discs with diameters of ca. 200 nm. The aggregates are very uniform in electron density and are obviously very rigid as no curved layers are seen. The cryo-TEM image of the same 1:4 mixtures shows rather large, flat structures ( Figure 3D ) of up to several micrometers in width and length covering the holes of the film. Also, smaller disklike structures as in the negatively stained samples can be observed. The cryo-TEM images indicate the presence of very thin and flat layers that seem to be quite rigid. transitions at higher temperatures can be seen (Figure 4 ). The peak of the main phase transition of the phospholipids decreases with increasing B12 content. This indicates that at low temperature the system is probably phase-separated with pure phospholipid domains and other domains which are either pure B12 domains or are enriched in B12 with residual phospholipid.
The area of the peak of the main transition of DPPC decreases with increasing B12 content, but not in a linear fashion (Figure 4 C,D) . For a 1:10 mixture, the value of the transition enthalpy is reduced to 50%, and for a 1:4 mixture, to ca. 20%. For a 1:10 mixture, therefore, 50% of the DPPC is located in the B12/DPPC domains so that the B12/DPPC ratio is ca. 1:5.5. For a 1:4 mixture, this ratio is only slightly changed to 1:4. For B12/DMPC, the decrease in the transition enthalpy with increasing B12 content is more pronounced but also nonlinear, meaning that the phase-separated domains contain more DMPC. In this case, the peak corresponding to the main transition of pure DMPC has vanished when the mole fraction of B12 exceeds 0.2.
The peaks observed at higher temperature are caused by thermotropic transitions of B12/PC complexes, i.e., the PC chains in the complexes with B12 become disordered at higher temperature. The sum over the transition enthalpies of all peaks stays almost constant up to a 1:1 ratio for mixtures with either DPPC or DMPC ( Figure 4C,D) . This indicates that the lipid chains in the B12/PC mixtures reach the same degree of disorder at high temperature, only that the melting occurs over a wider temperature range covering the additional transitions at higher temperature. The thermograms are quite reproducible, with repeated temperature cycles (2−95°C) always resulting in the same transition temperatures and enthalpies. Metastable states can therefore be excluded.
Usually, three different thermotropic transitions are observed about 25−30 K higher than the main lipid transition peak at T m . Whereas T m of the main transition is nearly independent of composition, the pattern of the other peaks changes slightly with increasing polyphile content, indicating that the composition of the phase-separated domains containing B12 and PC changes, as concluded from the nonlinear decrease in the transition enthalpy of the main peak ( Figure 4) .
We also performed DSC experiments with the unsaturated phospholipid POPC to test whether this "complex formation" of B12 occurs only with PCs with saturated chains. The main transition temperature for POPC is −2°C 29 and thus not detectable by our DSC. Also, for this lipid three endothermic transitions between 15 and 40°C were observed, indicating also that lipids with unsaturated chains can form "complexes" with B12 ( Figure S5 ).
3.2.3. Temperature-Dependent ATR-FTIR Investigations of B12/PC Mixtures. The DSC experiments presented above showed that several thermotropic transitions are present in mixed samples of DPPC or DMPC with B12. We investigated this phenomenon further by infrared spectroscopy. These experiments should give information on the molecular level about changes in chain conformation of the lipids and intermolecular interactions with B12.
Thin B12/lipid films of different mixing ratios were prepared by vesicle spreading on a BioATR II Si crystal. To discriminate between DPPC and B12 alkyl chains in the IR spectra, DPPCd 62 with perdeuterated alkyl chains was used. Thus, the positions of the vibrational bands of the B12 CH 2 stretching vibrations υ as/s (CH 2 ) and the DPPC-d 62 CD stretching vibrations υ as/s (CD 2 ) are well separated in the experimental IR spectra. The positional changes of these bands and the DPPC-d 62 CO carbonyl-stretching vibration were investigated as a function of temperature while continuously heating or cooling the aqueous sample. Figure 5A ,B. For the 1:10 mixture, the band position remains constant (at 2089 cm −1 ) for temperatures of between 20 and 39°C . Further heating to 55°C leads to an increase in wavenumber to 2096 cm −1 , indicating the fluidization of the chains due to partial chain melting. This process occurs partially at the transition temperature T m of the pure lipid, but the wavenumber increases further at higher temperature in the range where the first of the additional transitions is seen. The almost-linear increase in wavenumber seen above a temperature of 55°C is due to the normal wavenumber change observed for fluid chains. For the 1:4 sample, the change of the wavenumber of the maximum of the CD 2 stretching band is very similar. Because of the decreased amount of DPPC-d 62 in the sample, the data show higher scattering. The changes in wavenumber of the CD 2 stretching bands are shifted to slightly lower temperature compared to the DSC peaks. This is due to the perdeuteration of the acyl chains of DPPC which shifts its transition temperature from the gel to the liquid-crystalline phase from 41.5 to ca. 37°C. 25, 26 The band positions of the CH 2 stretching bands of the B12 lateral alkyl chains (at 20°C, υ s (CH 2 ) = 2852 cm ; data not shown), indicating an increase in the degree of hydration of the lipid headgroups at higher temperature. This common phenomenon is also observed for pure lipid membranes. 27, 28 Thus, B12 obviously does not interact with the lipid headgroup region and does not change the hydration state of the lipid headgroups.
3.2.4. Polarized ATR-FTIR of Oriented Hydrated Mixed Films of B12/DPPC-d 62 . The thick films cast from chloroform solution were hydrated with water vapor via the gas phase to perform ATR experiments. Using polarized light, spectra similar to those obtained by unpolarized light were observed ( Figure  6 ). From the CD 2 vibrational bands taken with s-and ppolarized light, we could determine a dichroic ratio R ATR of 0.94 for the symmetric stretching band. This indicates a high orientation of the DPPC molecules with a tilt angle of 17°r elative to the membrane normal. This is typical of almost pure DPPC with less than 100% hydration. The two B12 ring vibrations at 1519 and 1609 cm −1 were very pronounced and adequately separated to use them for the determination of the orientation of B12. These ring vibrations were assigned by DFT calculations on a similar compound, namely, B4 with shorter chains. The results of these calculations and the band assignments are shown in Figure S6 . In the spectra obtained with p-and s-polarized light, these bands differ significantly in intensity and integral size. Calculating dichroic ratios R ATR using the integral areas of the bands results in R ATR values of 15 or even higher for the band at 1519 cm −1 . In spectra taken with p-polarized light, the vibrational band at 1609 cm −1 shows only a very weak intensity. Therefore, it is difficult to calculate reliable integral areas and thus R ATR values for this band ( Figure  6 ). The R ATR for this band is thus even higher than 15. This indicates that the B12 molecules are highly oriented in the membrane with a tilt angle of less than 30°. As we know that the B12 molecules are not homogeneously distributed within the lipid membrane from the DSC results but form aggregates or complexes distributed within the membrane, we assume that this angle represents mainly the orientation of the B12 molecule within the B12-enriched domains.
3.2.5. Fluorescence Spectra of B12/DPPC. While the FT-IR spectra documented the molecular properties of DPPC in the mixture with B12 as a function of temperature showing a twostep behavior of changes in conformational properties of the lipid chains, the fluorescence properties of B12 in DPPC membranes can give information on the aggregation behavior of B12 in the plane of the membrane. B12 shows blue fluorescence in organic solvents due to the long conjugated π system of the backbone of the molecule. The DSC and FT-IR data presented above lead to the proposition, together with the confocal laser scanning images of GUVs of B12/DPPC mixtures, that at room temperature a phase separation occurs in the plane of the membrane leading to starlike domains enriched in B12. 10 Figure 7A shows a confocal fluorescence image (CFM) of a GUV of a B12/DPPC (1:10) mixture.
The fluorescence spectrum of B12 in chloroform is characterized by an emission maximum at 428 nm with a shoulder at 449 nm ( Figure S7 and Figure 7B , dashed black line). When B12 is incorporated into DPPC vesicles, the emission maximum is clearly shifted to a longer wavelength with the highest intensity at 466 nm, and shoulders at lower wavelength (444 nm) and also at longer wavelength (486 nm). This large red shift of the emission is a clear indication of the presence of π−π interactions between the aromatic rings of B12 when incorporated into DPPC bilayers. 29−33 When the vesicles are heated, the fluorescence emission spectrum changes are in the beginning only marginal, with the shorter-wavelength shoulder increasing only slightly in intensity. When the temperature reaches 75°C, i.e., the system is above all transitions observed by DSC or FT-IR, the fluorescence spectrum is nearly identical to the spectrum recorded in chloroform solution, indicating that the B12 molecules are now molecularly dispersed in the plane of the bilayer, i.e., no phase separation of B12 is present any more. This agrees well with the previous observation that at room temperature the B12 molecules are rigid and well packed, which suggests that B12 molecules may form extended filaments with parallel π faces and with the lateral alkyl chains interacting and preferentially mixing with the alkyl chains of the DPPC molecules. 10 Highresolution 13 C NMR studies going beyond the 1 H NMR Figure 6 . Section of the p-(black line) and s-polarized (red line) ATR-FTIR spectrum of a B12/DPPC-d 62 = 1:4 mixture, cast from chloroform solution and hydrated via water vapor (gas phase). The green frame marks the region magnified in the inset. The highlighted vibrational bands at 1518 and 1609 cm −1 were determined by DFT computations to be in-plane ring vibrational bands of the B12 backbone (Supporting Information). experiments reported in ref 10 in fact indicate that the motion of the aromatic cores is restricted to π flips, which is a common motif in π−π stacked aromatic molecules (Achilles et al., unpublished results). At high temperature, this two-dimensional arrangement breaks down and the B12 molecules are more or less homogeneously distributed in the bilayer plane.
Temperature-dependent fluorescence depolarization measurements give information on the dynamics of reorientation of B12 in DPPC vesicles. This method, usually using added fluorescence probes such as diphenylhexatriene, has been extensively used to study order and dynamics in membranes. 34−37 In our case, the fluorescence anisotropy of B12 itself can be studied without the need for additional probes. The temperature-dependent measurements of B12 in DPPC show that the fluorescence anisotropy r does not change during the phase transition of almost pure DPPC at 41°C but decreases only at higher temperature in the temperature range of the additional DSC transitions ( Figure 7C) . Thus, fluorescence anisotropy data support the previous IR and NMR spectroscopic data that only at high temperature do the B12 molecules become mobile due to the breakdown of the aggregates stabilized at room temperature by π−π interactions between the aromatic moieties. 10 3.2.6. X-ray Scattering Experiments. The phase behavior and the demixing phenomena found by DSC, ATR spectroscopy, fluorescence spectroscopy, and also by confocal fluorescence microscopy on GUVs 10 were further investigated using temperature-dependent X-ray powder diffractometry to gain more insight into the structural organization of the B12/ DPPC system as a function of temperature. Two B12/DPPC samples of different compositions (B12:/DPPC = 1:10 and 1:4) were prepared within a capillary, and temperaturedependent powder patterns of each sample were recorded and displayed in so-called contour plots ( Figure S8 ). In the small-angle X-ray scattering region (SAXS), up to four reflections with equidistant positions are visible, indicating the presence of a lamellar structure. The wide-angle X-ray scattering (WAXS) region shows two strong reflections, the (020) and the (110) reflections from the chain lattice of the lipids. From these reflections, the chain packing mode and tilt angle of the chains can be determined to be similar to those of pure DPPC.
The repeat distance (membrane plus interlamellar water layer thickness) within the multilayer stacks was determined at different temperatures. At room temperature, the lamellar repeat distances of the mixtures are slightly larger with d (1:10) = 7.25 nm and d (1:4) = 7.14 nm (Figure 8 ) compared to the distance found for pure DPPC bilayers (d = 6.35 nm at 20°C in the L β′ -phase and −6.70 nm at 50°C in the L α phase 38 ). This means that interlamellar excess water layers are increased in thickness and/or the molecular tilt has decreased.
In the WAXS region, the reciprocal spacings s of 2.33 nm (110) and 2.47 nm −1 (020) for the 1:4 mixture indicate the presence of an orthorhombic (symmetry group Pbnm) herringbone lattice 39 with tilted chains characteristic of bilayers in an L β′ phase at room temperature. On cooling, an increase in splitting of the two WAXS reflections is observed, indicating a further change in chain packing. When the sample is further cooled to below 0°C, the crystallization of excess water leads to the appearance of sharp ice reflections ( Figure S8) . 40 The freezing of interlamellar water leads to reduced membrane repeat distances (d = 6.06 nm for the 1:10 mixture and d = 6.13 nm for the 1:4 mixture). After heating the sample again to room temperature, the initial repeat distance and thus membrane structure are restored, indicating a reversible process of excess water freezing (dehydration/hydration).
At higher temperatures, the two WAXS reflections change into a broad scattering peak indicating the transition from the gel-to the fluid-phase membrane. For the 1:10 mixture, this occurs at 42°C, coincident with the main transition at T m observed by DSC. For the 1:4 mixture, this occurs at a higher temperature of 50°C simultaneously with the first hightemperature transition peak in the DSC thermograms. Above this transition, still-intense WAXS peaks are visible at slightly different reciprocal spacings. For the 1:10 mixture, other WAXS peaks appear (s T>42°C (1:10) = 2.25 and 2.39 nm −1 ). These reflections indicate an ordered lipid chain packing but in a different geometry compared to that of the normal L β′ phase with tilted chains (Figure 8 ).
For the 1:4 mixture, this transition is not that distinct because the WAXS reflections are broad and the changes are small (s T>50°C (1:4) = 2.25, 2.37, and 2.40 nm −1 for the 1:4 mixture). There is even a third WAXS peak present which might be due to the alkyl chain packing of a second (lamellar) ordered phase (L β , rich in B12, while the lipid-rich phase already adopts a fluid L α phase) or an underlying triclinic lattice. Above 68°C, fluid phases are formed. In the WAXS region, no sharp reflections but only a halo is visible. The To overcome the resolution problems in the SAXS region with our in-house X-ray setup, high-resolution X-ray diffraction experiments with ordered multibilayer samples were carried out with synchrotron radiation at the DESY HASYLAB. B12/ DPPC samples with mixing ratios of 1:10 and 1:4 were investigated at different temperatures. Reflectometry measurements reveal the presence of two independently scattering lamellar structures for both mixtures. For the 1:10 mixture, these are observed in the two-phase region between 42 and 67°C and for the 1:4 mixture for all temperatures lower than 72°C (Figure 9 ). The diffractograms exhibit two independent sets of equidistant peaks. (For indexing, see blue and red dashes.) This proves the hypothesis that in the two-phase region two immiscible lamellar phases of different composition are present in both samples. The molecular organization of the phases of the 1:10 mixture was also investigated using grazing incidence X-ray diffractometry (GIXD, Figure 10 ). The scattering pattern at 25°C shows lamellar reflections along the scattering vector q z (parallel to the membrane stack normal) and the reflections from the chain lattice on the equator. However, intensities off the equator are also evident in the 2D patterns in the WAXS region (red arrow), indicating that the structure probably consists of a coexistence of domains with tilted chains as already concluded from the appearance of two wide-angle reflections (110) and (020) and domains with nontilted chains with respect to the membrane normal giving the reflections on the equator. Although no demixing in the q z direction by means of reflectometry can be found, a lateral demixing of the lamellae occurs at 25°C. Two of the WAXS reflections populate wellknown positions of the DPPC alkyl chain reflexions at s (020) = 2.28 nm −1 and s (110) = 2.38 nm −1 as observed with the unoriented samples. At a higher temperature of 48°C, before the high-temperature peaks, the WAXS reflections out of the equator have turned into a diffuse halo (red arrow) and only the sharp reflections on the equator are still present, corresponding to s values of 2.23 and 2.37 nm
, similar to the values seen for the unoriented sample (see above and Figure S9 ). These results prove our assumptions obtained from nonoriented samples that at this temperature the sample consists of partially molten domains probably containing only DPPC and domains with a B12/DPPC mixture, where the DPPC chains are ordered but packed in a different lattice compared to the packing in the L β′ phase.
In the high-temperature phase at 75°C, above all transitions in the DSC, no sharp WAXS reflections are present, but only a broad halo at s T=75°C = 2.13 nm −1 (red arrow) indicating unordered lipid alkyl chains. Most likely, at this temperature a fluid membrane phase (L α ) is formed, whereas the B12 and DPPC molecules are homogeneously mixed. 
SUMMARY AND CONCLUSIONS
Polyphilic molecule B12 can be stably incorporated into bilayer membranes composed of DPPC or DMPC at different concentrations. When the phospholipids are in the gel phase, a tendency for phase separation into almost pure phospholipid domains and domains with a certain ratio of B12 to DPPC is observed when only 10 mol % B12 is present. In samples with a higher B12 content, the amount of pure DPPC decreased but not in a linear fashion. Using confocal fluorescence microscopy of mixed GUVs, a large-scale phase separation could be visualized as described before. 10 In electron microscopy images of smaller vesicles presented here, this phase separation was not visible due to a lack of contrast between the different domains of different composition. In the DSC curves, several endothermic high-temperature transitions are visible besides the phase transition due to the almost pure DPPC domains indicating that the mobilization of the different components of the B12-DPPC "complex" occurs in several steps. This could be qualitatively verified by FT-IR spectroscopic investigations using DPPC with perdeuterated chains in the mixture with B12.
X-ray investigations of oriented bilayers also showed the coexistence of these two phases, one almost pure DPPC and the other one enriched in B12, by the appearance of two lamellar repeat distances over a wide temperature range up to 70°C. In the WAXS region also, the coexistence of diffractions of two coexisting chain lattices could be seen, the almost unperturbed one of the pure DPPC domains with tilted molecules and diffractions from the B12-DPPC "complex" with nontilted DPPC molecules. These reflections disappeared and were converted into a diffuse halo when the system was heated into the high-temperature liquid-crystalline phase. Therefore, above all thermotropic transitions a homogeneous bilayer phase is formed and no phase separation is observed.
In summary, we could show that B12 can be incorporated into DPPC and DMPC bilayers but phase separates at room temperature into domains consisting of almost pure PC and domains with a PC/B12 ratio of 3−4:1 in the case of DPPC. When B12 is incorporated into DMPC vesicles, a similar behavior is observed. Because of a better matching of the length of B12 and the thickness of the DMPC bilayer, the B12 concentration at which the phase transition of pure DMPC vanishes is lower than for mixtures with DPPC; i.e., above a molar fraction of B12 of 0.25 only the high-temperature DSC peaks remain. The study shows that despite the drastically different chemical structure of the two components B12 and DPPC, the bilayer phase with phase separation in the plane is remarkably stable over a wide temperature range where the phospholipid component undergoes first a phase transition into a fluid L α phase before the mixed domains of B12 and DPPC undergo a stepwise mobilization and finally melt, where an L α phase with a homogeneous distribution of the B12 molecules is formed. At all temperatures, the B12 molecules are oriented in a trans-membrane fashion, but their angle of orientation and their mobility change with temperature. At low temperature, the complexes of B12 with DPPC or DMPC but also with POPC are very stable despite the differences in molecular structure among the three lipid compounds, as the DSC scans are very reproducible and the same thermotropic peaks are always seen in consecutive heating scans (not shown). As the TEM images show, the lamellar structure is retained and very extended lamellae with little tendency to bend are formed. This can be attributed to the stiff core of the B12 molecules ordering the PC molecules in their neighborhood and increasing the bending stiffness due to a rivetlike action holding the two monolayers together.
Overall, the self-assembly of X-shaped bolapolyphile B12 is dominated by the core−core interactions which strongly favor a dense packing and parallel alignment of the long oligo-(phenylene ethynylene) cores. Not only the Meier−Saupetype interactions (reduction of excluded volume) and attractive π−π and C−H−π interactions between the rodlike units 32,41−43 but also the strong segregation of these rigid units from the flexible alkyl chains (rigid−flexible incompatibility) 22, 23 should contribute to this effect. Simultaneously, as two sides of the molecule are shielded by the lateral alkyl chains, the possible modes of packing are restricted, mainly leaving the option of a linear side-by-side stacking in ribbons (strings). In the thermotropic LC phase of the bulk material, this unavoidably leads to a triangular honeycomb structure with the long lateral alkyl chains filling the space inside the resulting triangular honeycomb cells (Figure 2 ). Though a swelling of the alkyl chain domains by simple n-alkanes (C 32 H 66 ) appears not to be possible (no uptake of the hydrocarbon was observed and the phase transitions were not influenced in the contact region), these bolaamphiphilic molecules are capable of interacting with lipids, probably as in this case the interaction can take place simultaneously with the polar groups as well as with the lipophilic segments. The much increased contribution of the polar ends and alkyl chains in these mixtures modifies their preferred mode of self-assembly. The honeycombs break up, and a mixed organization of lipid and B12 in a common structure with a trans-membrane orientation of the aromatic cores becomes dominating. Even in the presence of the lipids, the core−core interactions seem to be retained and B12-enriched domains segregate from almost pure DPPC or DMPC domains at low B12 content of the bilayers. It is reasonable to assume that the aromatic cores are organized in strings to maximize the core−core interactions. The lateral chains, together with the alkyl chains of the lipids, isolate these strings. This separation of B12-enriched and almost pure PC regions was also observed in GUVs, which is in this case indicated by the formation of star-shaped B12-rich domains with hexagonal symmetry. 10 We proposed in this study that the hexagonal symmetry results from a hexagonal honeycomb structure. In contrast to the triangular honeycombs, where the orientation of the molecules is parallel to the 2D lattice, in the hexagonal honeycomb it is perpendicular to the hexagonal lattice (transmembrane). These honeycombs could be considered to result from a fusion of individual strings. At higher temperature in the L α phase, the increased mobility prevents the formation of a regular array, leading to irregularly distributed strings (or clusters) or even single B12 molecules as a pronounced shift in the fluorescence emission to shorter wavelength is observed, indicating vanishing π−π interactions.
These investigations show that a stable incorporation of long and stiff π-conjugated systems, i.e., charge-carrier conducting rods, into lipid membranes is possible due to the fact that π−π interactions can stabilize the trans-membrane orientation of the bolapolyphiles in the bilayer. This is of wider interest for molecular electronics in well-organized hybrid structures and superstructures, 43 Supplemental methods, details of the thermotropic behavior of B12, DSC curves of POPC/B12 lipid dispersions, FT-IR spectra and band assignments of B12, fluorescence spectra of B12, and additional X-ray data on B12/DPPC mixtures. This material is available free of charge via Internet at http://pubs. acs.org.
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We thank the Deutsche Forschungsgemeinschaft (DFG) for financial support in the framework of the Forschergruppe 1145. Besides the discrepancy between possible molecular length (see Fig. S4 ) and cylinder size in the square lattice (3.67 nm), also the number of n wall = 1.84 in the square honeycomb phase is less reasonable for X-shaped bolapolyphiles with alkyl chains at both sides of the aromatic core. These chains inhibit an efficient back-to-back packing of the cores, as would be required in cylinder walls formed by ~2 molecules in the cross section. Table S3 . Comparison of membrane thicknesses observed from reflectometry measurements with synchrotron radiation using oriented multilayer samples with 99% rel. humidity (hydrated via gas phase) and in-house X-ray diffraction measurements with capillary samples at 50 wt. 
